The effect of compositional wavelength on the residual stress, electrical resistivities and mechanical properties of Cu/Nb thin-film multilayers sputtered onto single-crystal Si substrates was evaluated. Electrical resistivities were measured down to 4 OK using a standard four-point probe measurement system. A differential specimen-curvature technique was used to determine residual stress, and a mechanical-properties microprobe was employed to obtain hardness and elastic modulus. Characterization techniques included profilometry, Ion-Beam Analysis (IBA) and Transmission Electron Microscopy (TEM). The hardness of the Cu-Nb multilayers increased with decreasing compositional wavelength so that the layered structures had hardness values in excess of either of the constituents and the hardness predicted by the rule of mixtures. A peak in the net residual compressive stress of the multilayers was observed at a compositional wavelength of 100 nm. No resistivity plateau was observed within the composition wavelength range studied.
INTRODUCTION
Copper-niobium microcomposites have been studied over the last three decades because of the exceptional combinations of high strength and excellent thermal and electrical conductivity that can be obtained and optimized for a variety of applications.'" Much of the work centered initially on the production and evaluation of in-situ composites that were formed by successive wire drawing or rolling of Cu-Nb( 10-30 volume percent) alloys."5 The microstructures of these in-situ composites were thus composed of Nb filaments or platelets within a Cu matrix -a result of the insolubili of N b and the presence of Nb dendrites within the as-cast Cu-Nb alloy starting materials? However, a true Cu-Nb microlaminate composite consisting of alternating, uniformly parallel Cu and N b fdms of known thickness can be easily produced by either evaporation or sputtering. The properties of Cu-Nb thin-film multilayer structures lend themselves well to being evaluated as a function of compositional wavelength, volume fraction and f i l m microstructure instead of the average dendrite, filament or platelet spacing.
Compositionally modulated thin-film structures can exhibit strengths that are in excess of that predicted by the rule of mixtures?* The strength can be tailored to suit a variety of applications by varying the thickness of the individual component films. Cu-Nb thin-film multilayer structures can therefore be used as high-strength thermal and electrical conductors as well as high-temperature, wear-resistant conductive coatings. Although previous investigations have been performed on Cu-Nb multilayers, these have involved phenomena of superconductivity as well as the anomalies exhibited in both the phonon dispersion curves and the folded Brillouin zones?." This research is the fmt in a series of investigations designed to look at the effect of deposition conditions, volume fraction and composition wavelength on various properties of Cu-Nb thin-film multilayer structures. Specifically, this paper presents preliminary results on the effect of compositional wavelength on the residual stress, mechanical behavior and electrical properties of Cu-Nb multilayers.
EXPERIMENTAL PROCEDURE
Substrates were cut from 0.4 mm thick partially-oxidized (200-250 nm oxide thickness) single-crystal Si { 100) wafers using a wafer-dicing machine. As-cut substrate dimensions were 10 x 10 mm for TEM, nanoindentation, profdometry and IBA specimens; 4 x 20 mm for the resistivity specimens and 5 x 38 mm for the residual stress-measurement specimens. Specimens were cleaned with an acetone-methanol-water wash sequence followed by a 1 minute dip in a 20%HF solution and a final rinse in deionized water. Carbon and molybdenum substrates were also prepared for use as IBA substrates by simply cutting C and Mo into 10 x 10 mm squares. A deposition run consisted of four resistivity, two stress-measurement and four square specimens as well as one C and one Mo specimen.
All of the depositions were made using a dc magnetron sputterer. The purity of the Cu and Nb targets were 99.999% and 99.95%, respectively. The base pressure after specimen loading was between 9.0 x lo-' and 2.1 x lo8 Torr. Prior to each multilayer deposition run, the targets were sputter-cleaned for a few minutes. The multilayer depositions were computer-controlled, and each deposition sequence consisted of the following: a 5 minute pump-down, opening of the Ar mass-flow controller set at 28 cc m i d and a working pressure of 2 mTorr, a stabilization time of approximately 3 minutes, application of 300 W of power to the target, a command to turn and hold the specimens towards the sputtering target for the predetermined deposition time and the removal of power from the target. The layering sequence was always Nb then Cu. Deposition rates and film densities were determined through a combination of profilometry and IBA techniques. The total thickness for each composition wavelength studied was 1OOO nm and the volume fraction was kept constant at 50%.
Characterization of the as-deposited multilayers was performed using TEM and IBA tech;liques. TEM cross-sections were prepared using standard cutting, polishing, dimpling and low-angle ion-milling procedures. Cross-sections were examined using conventional and high-resolution TEM on a Phillips CM30ST operating at 300 kV. Standard Ion-Backscattering Spectra (IBS) were obtained using 2 MeV He" ions and a scattering angle of 166" in order to obtain the areal atomic density and thickness of each multilayer. The atomic percentage of 0 was determined using 7.6 MeV He" ions because of the enhanced non-Rutherford scattering cross-section for 0 at this energy;" in this case, however, the multilayers evaluated were those deposited on Mo. Hydrogen content was measured using Forward Recoil Elastic Spectrometry (FRES) with 3.55 MeV He" ions and a scattering angle of 30".
A Nanoindenter@ I was used in all of the indentation experiments. The nominal indentation depth was 100 nm. Electrical resistivity measurements from 4 to 300 K were done using a standard 4-point probe technique. Residual stress measurements were performed using a differential specimen-curvature
The net residual stress was determined by measuring specimen curvature both with and without the multilayer films, and then calculating the stress from the Stoney equation14 using the difference between their radii of c~rvature.'~"~
RESULTS AND DISCUSSION
Figures l a and l b are the IBS and FRES spectra, respectively, for the 5 bilayer (100 n d 1 0 0 nm) Cu-Nb structure. The IBS spectrum includes the actual data and its appropriate simulation, while the FRES spectrum displays the simulation alone, for clarity. Each peak in the IBS spectrum is the superposition of signals from Cu and Nb in a bilayer pair. The modulation is a result of specimen geometry, film thickness and the difference between the stopping powers and kinematic factors of Cu and Nb. Simulations of IBA spectra were performed using RUMP.'' The IBA thickness of each layer is calculated from the measured areal atomic density using the densities of Cu and Nb. The densities of Cu and Nb were obtained from a combination of profilometry and IBS measurements made on individual Cu and Nb films. The sharp peak near channel 490 in the FRES spectrum corresponds to the signal from a few monolayers of water on the surface of the first Cu layer. Subsequent alternating increases and decreases in the H signals can be attributed to 
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Figure the higher affiiity Nb has for H relative to Cu. It should be emphasized that, because of the 75" specimen tilt and the concomitant increase in apparent path length, only the signals coming from the first three bilayers appear to be discerned in the spectrum. The simulation of the FRES spectrum was used to determine the atomic concentration of H in each layer. Table I lists the compositional analysis of the 5 bilayer Cu-Nb structure. Table I was obtained by combining the profdometry and IBS simulation data for Cu and Nb films with the IBS and FRES simulations obtained on the multilayer structures. A relative error of approximately 10% may exist in the listed thickness and composition values. As mentioned previously, the H content is higher in the Nb because of the affinity Nb has for H. The decreased H content in the outer layers results from the ability of the H to diffuse away or out from the surface both during and after the deposition sequences, thereby leading to a H concentration gradient across the entire multilayer. The actual densities of Cu and Nb were 8.91 and 8.65 g *~m -~, respectively, which were within approximately -0.1% of the theoretical density for the former and +0.8% of the theoretical density for the latter. Oxygen was not detected within any of the Cu, Nb or Cu-Nb multilayer films. A TEM cross-section of the 5 bilayer Cu-Nb structure is shown in Figure 2 . The individual layers are relatively smooth and separated by sharp interfaces. High-resolution TEM verified these observations. A selected-area diffraction (SAD) pattern revealed a strong texture in each of the Nb and Cu layers. The cross-section texture was Si e 1 10> II Nb e1 11> II Cu e1 lo>. Texturing is not uncommon in sputtered Cu or Nb thin films deposited on Si. However, strains associated with growth textures lead to a net residual stress, as was seen in the specimen-curvature measurements. The hardness as a function of reciprocal layer thickness (U2) for an indentation depth of 100nm is shown in Figure 3 . An increase in the hardness of 100% is observed as the compositional wavelength is decreased from loo0 to 10 nm. Perhaps most interesting is the 100% increase in the hardness over the value predicted by the rule of mixtures, which is represented by the solid data point on the left axis (the rule of mixtures value was calculated using hardness measurements made on lo00 nm thick Cu and Nb layers). The observed hardness increase over that predicted by the rule of mixtures is not surprising when one considers the strengthening mechanism first proposed by Koehler7 and later demonstrated by Lehoczky'. Strengthening can occur if the two materials composing a multilayer structure have different dislocation-line energies, so that the termination of dislocation motion in the low dislocation-ener material is favored over dislocation propagation into the high dislocation-line energy material.' *' Moreover, strengthening is enhanced if the layers are made thin enough so as to inhibit the operation of Frank-Read sources? As a result, the Cu-Nb multilayers were harder than either of the individual components.
The average elastic modulus of the multilayer structures was 152f20 GPa, which was equal to the rule of mixtures value. No anomalies in the elastic modulus or the hardness were observed.
The residual stress in 1000 nm Cu and 1000 nm Nb films was +200 and -16 MPa, respectively. Consequently, because tensile stresses are often associated with free volume at grain boundaries and compressive stresses are attributed to atomic peening,I6 the calculated Cu and Nb film densities are substantiated. AU of the multilayer films had net compressive stresses.
However, a peak in the compressive stress (145 MPa), which was approximately 5 times greater than the average stress of the other multilayers, was observed in the 100 nm/lOO nm Cu/Nb multilayer structure. This phenomenon has also been observed in Au-Ni multilayer^.'^ Although the residual stresses in Cu, Nb and multilayer Cu-Nb films have been determined, the interaction between the intrinsic and thexmal stresses of individual layers and their overall effect on the net stress of multilayers is not yet fully understood. Consequently, the parameters that govern the location and the magnitude of the peak in compressive stress will require further study.
The longitudinal electrical resistivity as a function of temperature for the different multilayer structures is shown in Figure 4 . The sharp drop-offs at or near 10 K are a result of the superconductivity of the Nb layers. For temperatures between 10 and 300 K, the resistivity vs. temperature curve for the single bilayer structure matches that predicted by the rule of mixtures. However, an increase in the number of bilayers leads to resistivity values greater than those predicted by the rule of mixtures -a result of interfacial scattering. An observed decrease in the critical temperature for superconductivity with smaller layer thickness may also be caused by the increased number of interfaces. A resistivity plateau such as that observed by Skomski et a1." in Co-Pd and Pd-Au multilayers was not observed within the compositional wavelength range studied. In order for the plateau to be viewed and therefore differentiated from the resistivity behavior predicted from size-interface theory, the compositional wavelengths must be further reduced. 
CONCLUSIONS
The effect of compositional wavelength on the residual stress, mechanical behavior and electrical properties of Cu-Nb multilayers was determined. The wavelength range evaluated was between 10 and loo0 nm and the volume fraction of each constituent was kept constant at 50%.
TEh4 micrographs revealed that the multilayers were relatively smooth and had sharp interfaces.
SAD patterns demonstrated strong texturing within both the Cu and the Nb layers. The films were oxygen-free, but contained between 0 and 3 atomic percent H. The hardness increased as the compositional wavelength was decreased; this increase in hardness was approximately 100% over the hardness value predicted by the rule of mixtures. No anomalies in the elastic modulus were observed, and the average modulus of the Cu-Nb multilayers was approximately 150 GPa; equal to that predicted by the rule of mixtures. Each of the Cu-Nb multilayers had a net residual compressive stress. However, a peak in the compressive stress as a function of compositional wavelength was observed. The electrical resistivities of the multilayers increased with decreasing compositional wavelength, a result of the greater number of interfaces present. No plateaus in either the electrical resistivity or the hardness as a function of compositional wavelength were observed. However, the plateaus may be revealed if the compositional wavelengths of these multilayers are further reduced. An explanation for the peak in the compressive stress will require further study of the interaction between compositional wavelength and the intrinsic and thermal stresses of strongly textured Cu-Nb multilayers.
